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ABSTRACT

The work on corrosion fatigue by a number of investigators is reviewed,
and the current understanding of this phenomenon is discussed.

Corrosion fatigue behavior can be grouped into three types, and it is
affected by numerous variables - environmental, mechanical, and metallurgical.
There are several models for corrosion fatigue crack growth, which incorporate
the fatigue crack growth in an inert reference environment, the sustained load
crack growth, and the loading variables. The proposed mechanisms for corrosion
fatigue phenomenon are pitting, metal dissolution, protective film rupture,
surface energy reduction, and hydrogen embrittlement. Hydrogen embrittlement
is regarded as the most influential mechanism.
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1.0 INTRODUCTION

Simultaneous exposure of a metallic material to a corrosive environment
and a cyclic stress generally results in a degradation of fatigue resistance.
The consequent cracking under the combined action of a corrosive environment
-and a cyclic stress is termed corrosion fatigue. Corrosion fatigue is one of
the major causes for engineering structure failures and a matter of deep concern
for engineers and scientists.

" Considerable work has been concentrated on the characterization and
understanding of corrosion fatigue, essential to service life prediction and
failure control of engineering structures. However, they have been complicated
by a number of variables and their interactions. Early studies were on tra-
di. onal fatigue behavior resulting in S~N curves. Lately, corrosion fatigue
behavior has been characterized in terms of crack growth rate within the frame-
work of fracture mechanics.

As the initial task of the independent research project, 'Corrosion
Fatigue of Metallic Aircraft Structure," the corrosion fatigue behavior, the
variables, the models, and the mechanisms, published in literature, have been
reviewed. The review results are compiled and discussed in this report.

2.0 GENERAL BEHAVIOR OF CORROSION FATIGUE

In early pioneering studies and subsequent studies on corrosion fatigue,
1-12 the reduction of fatigue life in aggressive environments was found, and

it was confirmed on a large number of metals and alloys. There have been some
discussions as to the relative effect of environment on the fatigue crack init-
iation and growth. In a high purity a1mninum,3 about the same number of fatigue
cycles was required for crack initiation in air and in vacuum, although the life-
tf'o-failure was 5 times longer ingthe latter. Similarly, in an 1100-Hl4 aluminum
3 and a 6061-T6 aluminum alloy,” the fatigue crack initiation was insensitive
to environment, while the fatigue crack growth was accelerated. Recently, the
emphasis has been put more on the fatigue crack growth, using fracture mechanics
technique, than on the fatigue crack initiation. Fatigue crack growth behavior
in inert and aggressive environments is understood as follows.

2.1 Fatigue Crack Growth in Inert Environment

The fatigue crack growth behavior of a metal or an alloy in an inert
enviromment is characterized by a sigmoidal relationship with the stress
intensity factor range, AK, and can be divided into three stages. Figure (1).
The behavior in Stage I exhibits a "threshold" cyclic stress intensity factor
range, OK¢h, below which cracks do not grow under cyclic loadings.l4 Close
to theAK¢p, the fatigue crack growth may only be taking place along a part
of the crack front and the measured fatigue crack growth rate is less than
a lattice spacing per cycle. The fatigue crack growth rate above the 4 Kgh,
that is, in Stage II, can be represented by the following equ.nti.on.]'5

2
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da/dN = C (AK)® . . ¢ ¢ 6 6 t t e e et e v e O

where a is the crack length, N the number of loading cycles, and C and
m experimental constants. In Stage III, the fatigue crack growth rate
is greater than that given by Equation 1, and this stage is terminated
whenever the maximum (cyclic) stress intensity factor is greater than
the material's fracture toughness.

The fatigue crack growth rate, da/dN, is cycle dependent and frequency
independent, only if the material is not strain rate sensitive or if the
envirommental effects are excluded. Under such a condition, da/dN is not
affected by the loading waveform and a fatigue crack grows only during the
loading part of the cycle.

2.2 Fatigue Crack Growth in Aggressive Enviromment

The fatigue crack growth behavior of metals and alloys in agfresive
enviromments can be grouped into three basic types, (A, B, and C), 6 and
may be discussed in relation to the stress corrosion cracking threshold,
Kyscos Figure (2). Type A behavior is typified by the aluminum-water
system with the envirommental effect attributable to the synergistic actiom
of fatigue and corrosion.16:17 The environmental effect is a reduction
in the apparent threshold for crack growth and an increase in the crack
growth rate at a given level of stress intemsity factor, K. This is
lessened, as K approaches the critical value, K or Kyc»> by the rate

controlling transport process or other mechanical-chemical interactioms.
Type B behavior represents the steel-hydrogen system, and ii affected

by the enviromment enhanced sustained load crack growth.u: 8 The
environmmental effect is quite large above Kyger. Type C behavior
characterizes a vhole range of material-environment systems. It approaches
Type B behavior above Kisoc and Type A behavior below Kyscc. The transition
from one type behavior to the other is not always well defined.

3.0 CORROSION FATIGUE VARIABLES AND THEIR EFFECTS

Corrosion fatigue behavior is governed 2y , g? of variables-
environmental, sechanical, and -ctallurg:lcal.l »17,19- They are:

Environmental Variables

Types of environment - liquid, gas, liquid metal, etc.,
Pressure,

Temperature,

Partial pressure of damaging species in gaseous envirouments,
Concentration of damaging or beneficial species in aqueous
or other liquid environments,

Elcctrochemical potential,

pH,

Viscosity of environment,

Velocity of envirooment, and

Coating, inhibitor etc.
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Mechanical Variables

Maximum stress or stress intemsity factor, me or km s
Cyclic stress or stress intensity factor range, o6 or K,
Stress ratio, R, 1
Cyclic loading frequency, f,

Cyclic loading waveform (for constant amplitude loading),
Load interaction in variable amplitude loading,

State of stress,

Residual stress, and

Crack size and shape, and their relation to component size .
and geometry. _ ,

Metallurgical Variables

Alloy composition, ,
Distribution of alloying elements and impurities, 1
Grain size,

Microstructure and crystal structure,

Heat treatment,

Mechanical working,

Preferred orientation of grains, and

Mechanical properties (strength, fracture toughness, etc,)

The effects of significant variables are as follows.
3.1 Environmental Effects

Among the many environmental effects, the effects of liquid
(water, salt water), gas (air, water vapor, hydrogen, other gases),
pressure, and temperature are discussed.

a. Liquid
1. Water

Water is one of the principal corrosive enviromments
accelerating the fatigue crack initiation and growth. The role of water
in the fatigue crack initiation stage may involve several processes:
pitting, preferential anodic dissolution, and surface energy reduction
by adsorption. The increage of fatigue crack growth_rate by water wa
noticed in aluminum alloysi7’ zs'zgititani.um alloys,zg'go and ateels.gl'35
In a 7075-T651 aluminum alloy,]'7 the fatigue crack growth rate in distilled
water was greater than that in an inert reference environment by a factor
of ten at temperatures from 20 to 100°C.

2. Salt Water .

Salt water and natural seawater %gwgred the fatigue
strengths of steel, aluminum, and titanium alloys,”’ 37 a8 compared
to air. However, the relative effect of salt water and distilled water
is not clear. Some found the effects of the two similar, while the

R N ~ N T (T e e W, NI W e




NADC-81271-60

others observed that salg water was more aggressive. The fatigue strength
of 13 Cr stainless steel>® was not influenced by distilled water but lowered
significantly by 37 NaCl solution. Furthermore, as NaCl concentration was
increased, the fatigue life decreased. 1In deaerated seawater, the fatigue
resistance was comparable to that in air.39

The fatigue crack growth rates were accelerated bz
3 a 3.5% NaCl solution and seawater in aluminum alloys (7,000 series), 0,41
steels (12Ni-5Cr-3Mo, HY 130, and 17-4 PH),%0,42,43 and titanium alloy
(T1-6A1-4V)<’ This effect of crack growth enhancement was greatest at

low** and lower at intermediate AK levels.%3-47 Natural seawvater, ASTM
substitute seawater, 8 and 3.5% NaCl solution are often used interchangeably
in corrosion fatigue studies. It was reported that the fatigue crack grgwth
rates varied by as much as a factor of three among the three solutions .4
Particularly for high strength steels, natural seawater was more aggressive
than either laboratory substitute.

b. Gas
l. Air

Air is the most common service environment and has a
prominent effect on the fatigue of metals and alloys. Since air contains
nitrogen, oxygen, water vapor, hydrogen, CO2, and CO, the observed effect
could be due to one or more of these gases. The magnitude of the effect
varies with the metal or alloy under consideration. The fatigue lives of
Al-37 Mg alloyso and 1100-H14 aluminum5l were 30% and 10 fold lower in air
than in vacuum, respectively. As the air pressure increased, the fatigue
life decreased, and the decrease was sharp at some critical pressure in
several alloys.l0,52,53

The number of stress cycles required for crack initia-
tion ig vacuum was close_ to that in air in 61-T6,”7 DTD 5070A, and Al-Cu-Mg
alloy, 6 Rure aluminum,51'54’55 and copper. On_the other hand, in Al-47%
Cu alloy,’ 110Q-H4 a1um1num,56 pure aluminum,55’57 7075-T6 aluminum alloy,58
and pure lead,”’ fewer stress cycles were required to initiate a crack in
air than in vacuum. Although there is some discrepancy in the results of
investigation, there is a general consensus that this environment clearly
affects crack growth more than crack initiation. The crack growth rate
was greater in air than in vacuum by 15 times in }éoo-ala aluminum™ and
by 6 times in DID 5070A, SAP, and Al-Cu-Mg alloy. Similar acceleragtog
of crack growth was also obsergzble in 7075 and 2024 algginum alloys, ** 2
4340 stee1,63 Ti{-6A1-4V alloy,°* and Inconel alloy 718. Such an effect
of air is more pronounced in the low AK region close to the threshold and
decreases with increase in crack growth rate.

2. Water Vapor

Water vapor is the most influential enviromment in
corrosion fatigue of various metals and alloys. The fatigue life in moist
air was almost one-tenth of that in dry air for 2024-T3 aluminum a110y.66
Similar decreases in fatigue life with the presence of water vapor were

observed for moist air, moist argon and nitrogen, and water vapor
alone.%,6,9,13,66-69
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In several aluminum alloys (DTD 5070A, SAP, and pure
aluminum),26 the fatigue crack growth rate was increased about ten times by
water vapor. In 7075 and 2219-T851 aluminum a110y3,61'7° it was higher in
laboratory air, wet argon, and water vapor than in dry argon. A similar
effect on fatigue crack growth was also found in steels (4340,71,72 N{-Cr-
Mo-0.45 C, and 18Ni maraging32) and titanium alloys.30

The detrimental effect of water vapor was more
pronounced with increase in yield strength73 or decrease in fracture
toughness.74

3. Hydrogen

Hydrogen has been known to induce embrittlement under
monotonic or static loads, and to have a significant effect on fatigue of
aluminum, steel, and titanium alloys. In hydrogen, the fatigue life was
reduced to nearly one-third _of that in air for Al-4% Cu and BS _L65 alloys,%
and sharply for Armco iron,75 ferritic and austenitic steels,75 and Ti-Al-Zr
alloy.76 1In dry hydrogen, the fatigue crack growth rate of HY-80 steel’?
increased by a factor of 10 to 30 over that in air. Similar enhanged fatigue
crack growths in hydrogen were also seen in ASME SA 105 Grade 11, DéAC, 7
18N1 maraging,33 and medium carbon steels,so and Ti-6A1-4V alloy. 1

The susceptibility to the hydrogen attack increased
with increase of yield strength in 4340, HY-80, A514-B, and HP 9-4-.20
steels, and it varied with the AK value and the microstructure of the
alloy.62933 The deleterious effect of hydrogen on fatigue crack growth
was reduced gr removed by adding oxygen, air, or water vapor to the hydrogen
environment.33:84 The tendency of impurities, such as oxygen,84,85 air,
or water vapor,85 in hydrogen to retard or eliminate the effect of hydrogen
on steel was also observed for statically loaded specimens. This effect
has been attributed to preferential adsorption of oxygen on the crack
surface at the crack tip.84,85 The adsorbed layer of oxygen is believed
to prevent hydrogen adsorption on. the freshly cracked surfaces and,
therefore, the entry of hydrogen into the steel.

4. Other Gases

Effects of other gases, such as oxygen, nitrogen,
carbon monoxide, carbon dioxide, acetylene, methane, and nitrous oxide, and
their combination with hydrogen have been investigated. In ASTM 514-B
alloy, and HY-80 and HP 9-4-.20 steels,83 the fatigue crack growth rate
increased in various amounts for different gas combinations. Hydrogen
was the most damaging, and the other gases such as oxygen, methane, carbon
monoxide, carbon dioxide, and nitrous oxide were less aggressive indiv-
idually. When hydrogen was combined with oxygen, carbon monoxide, nitrous
oxide, or water vapor, the resultant effect was less than the linear
sumnation of the individual effects. This synergistic effect is attributed
to preferential adsorption of oxygen, carbon monoxide, nitrous oxide, or
water vapor on crack surfaces.
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The effect of oxygen has been described as increasing
fatigue crack growth rate in aluminum alloys,86.87 high strength steels,88
and nickel base superalloys.89 It was greater in high purity aluminum than
in DTD 5070A aluminum alloy.26s87,90 15 1100-H14 aluminum, the effect of
oxygen on the fg{igue life was found to be almost as large as the effect
of water vapor. In H-11 alloy, the partial pressures of both oxygen
and water vapor, required to increase the fatigue crack growth rate,
compared to vacuum, were roughly the same, as were the saturation or
limiting da/dN values at high partial pressures.

H2S decreased the fatigue lives of medium carbon steels80
to the same extent as hydrogen, and He + 0.57% H3S enhanced the fatigue
crack growth in Inconel alloy 718.63 Dry S02 showed no effect on the
fatigue of mild steel, high strength steel, and 18-8 stainless stee1,93
but He + 5.0% SO2 accelerated the fatigue crack growth in Inconel alloy
718.85 The fatigue crack growth rate in titanium alloys9 was increased by,
in the order, dry argon, normal air, distilled water, and aqueous 3.5%

NaCl solution. This effect could be due to increasing amount of hydrogen
available at the crack tip in each environment. Argon, nitrogen, and

the other inert gases have been universally recognized as having no

effect when dry, and having an effect similar to wet air at a corresponding
partial pressure of moisture in vacuum.2

c. Pressure

Gas pressure is an important factor in corrosion fatigue,
since a higher pressure results in a larger number of gas molecules available
for reaction at gas-metal interface. Generally, the fatigue life of a metal or
an alloy is reduced by increasing the pressure of an aggressive gas. As the
air pressure increased, the fatigue life decreased sharslg at_some critical
pressure in Al-3% Mg alloy’Y and several other alloys.l 392,53 5 hydrogen
atmosphere of 10,000 psi reduced the fatigue 1life of ASTM A-302 steel, but
did not affect AISI 310 stainless steel.?

In water vapor, the fatigue life and crack growth rate were
virtually unaffected unti% g tggeggo%g pressure (e.g., 10-3 torr for aluminum
alloys96) was reached,0:20:68,69,86,96 (1on the fatigue crack growth rate
increased ragidly with pressure, and it finally reached a plateau at a critical
pressure.32,35 The threshold pressure was sensitive to the loading frequency26
(e.g., a two decade reduction in pressure with a reduction of frequency from
100 to 1 cps in aluminum alloy17) and the critical pressure to the stress
ratio.97 In oxygen, the gresence of a threshold pressure was also observed
for 316 stainless steel.’? However, in hydrogen, the fatigue crack growth rate
increased continuouslg with increasing pressure without reaching a plateau in
high strength steel,38 Ni-200,99 and 75A Ti and T1-6A1-4V alloy.’® This in-
dicates the absence of any saturation effect or any critical pressure of
hydrogen. In Ni-200,99 the increase of fatigue crack growth rate started at
1 torr and continued up to 150 torr. On the other hand, in the same hydrogen
pressure range, the fatigue crack growth rate did not increase in 2024-T6
aluminum alloy and copper base alloy, NARloy-Z.96

d. Temperature

Since temperature affects the kinetics of chemical reactiom,
diffusion, and crack growth, its effect on corrosion fatigue crack srowthis

including the threshold, have been studied extensively in various alloys.
75,81,83,100-106

7
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The fatigue crack growth rate in aluminum alloys increased with
increasing temperature at a given stress intensity level in a dehumidified
inert reference environment and in oxygen, hydrogen, and water.25 For a
stress intensity range, 4K, of 20 ksi yin, the corrosion fatigue crack
growth rate of 4340 steel increased by a factor of 30 for a temperature in-
crease of 70°C in distilled water,l00 Similarly, the fatigue crack growth in
a metastable austenitic steel was enhanced by temperature increase at a given
AK value in distilled water,l0l and its activation energy was found to be

-8,500 cal/mol. (The activation energIbgor hydrogen diffusion in iron was
L107)

measured to be 3,000 ~ 8,000 cal/mol . On the other hand, in hydrogen
atmosphere, the fatigue crack growth rate in N1-200102 reached a peak at 0%,
and that in Ti-6A1-4V alloy8l was markedly accelerated at temperatures below
0°F. At or near room temperature, the detrimental hydrogen effects on fatigue
reached a maximum, and decreased with decrease or increase of temperature in
Armco iron,75 HP 9-4-.20 steel,83 and 4130 steel.l03 A¢ temperatures above
200°C, the hydrogen effect was absent. On the other hand, oxygen has an in-
creasing effect with a rise in temperature.1°3s1°9 These results suggest

that the fatigue crack growth depends on temperature in both inert and aggressive
environments. The temperature dependence is a function of stress intensity
factor K or its range Ak, and it is related to the deformation properties of
the material and the environment-metal interactions.

. The threshold fatigue crack growth behavior of mild steel did not
change between the ambient temperature and 300°C in air at low stress ratio, R,
whereas the threshold stress intensity range, AKt¢h, was higher at 300°C and high
R values.l05 Conversely, in A533 and A508 steels, AKyy, was quite sensitive to

temperature at low R values but insensitive over the temperature range ambient
to 350°C at high R values. However, over the temperature range 20 to 700°C,
AKeh for 316 stainless steel increased with temperature in air but remained
constant in vacuum and helium.106 This result implies that the temperature
effect on near threshold fatigue crack growth behavior is primarily a function
of environmental reaction in this steel.

3.2 Mechanical Effects

Among the various mechanical effects, the effects of loading frequency,
load waveform, stress ratio, stress intensity factor, and load interaction in
variable amplitude loading are discussed.

a. Loading Frequency

The effect of loading frequency on fatigue crack growth in inert
and aggressive environments has been studied by a number of investigators. »20,
26-28,42,43,86,87,90,110~119 Their results show that the enviromnmental effects
on fatigue crack growth are greater at lower frequencies where the corrosive
environment has more time to react with the material. The frequency effect
varies with the type of corrosive enviromment, its concentration, and the
material susceptibility, and it is developed more at lower stress intensities.
Some of the significant findings are as follows.

Bradshaw and Wheeler®’ found that, in a vacuum, fatigue crack
growth rates were insensitive to frequency changes in DID 5070A aluminum
alloy and SAP. Wel and Landes28 detected no essential difference in
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fatigue crack growth rate for 7075-T6 aluminfT3alloy in dehumidified argon
between frequencies of 5 and 143 c¢ps. Hutin also observed no frequency
effect on fatigue crack growth of 4340 steel in an inert enviromment.

In air, Bradshaw and Wheeler87 measured quite similar fatigue
crack growth rates for DTD 5070A aluminum alloy at 1/60 and 1 Hz but reduced
one at 100 Hz. In DTD 683 aluminum alloy, the environmental frequency effect
was close to that in DTD 5070A aluminum alloy with a marginal further in-
crease in fatigue crack gro wiz rate at 1/60 Hz. By lowering the frequency
from 57 to 0.4 cps, Hartmanll® reduced the number of fatigue cycles 407% to
grow a crack from 1.5 to 25mm for 2024-T3 aluminum alloy and 30% for 7075-T6
aluminum alloy in a saturated water vapor. The frequency dependent fatigue
crack growth behavior of these two aluminum alloys was confirmed by Krupf 120
who tesffg in 100% RH air at frequencies of 24 and 3,400 cpm. Gallagher
and Pao studied the corrosion fatigue behavior of 4340 steel at various
frequencies in distilled water and water vapor, respectively. Their data,
some of which are illustrated in Figure (3), clearly indicate that the
aggressive enviromments enhance the fatigue crack growth more at lower
frequencies. They are consistent with the results of Barsom*2:43 on
12N1 -5Cr-3Mo maraging steel tested in a 3% NaCl solution, thosi of Gallagher21
on HY-80 steel tested in a 3.5% NaCl solution, those of Miige on a low
alloy steel tested in distilled water, and those of Hutinll3 on another
low alloy steel tested in water vapor. Such frequency effects in steel,
however, were observable at lower frequencies and at higher water vapor
pressures (and in aqueous environments) as compared to those in aluminum
alloys. This difference may be attributed to fgg diffeifgce in the re-
activity of these alloys tc water vapor/water. Meyn fatigue-tested
Ti-8A1-1Mo-1V alloy in salt water and distilled water, and detected a
strong dependence of the fatigue crack growth on the frequency, much higher
at lower frequencies, in contrast to the relatively mild frequency dependence
of aluninum alloys in water.

b. Load Waveform

The environmental acceleration of fatigue crack growth is strgnf I
dependent on the load waveform in some material-environm i t systems. 2
In the case of steel-salt water and steel-water systems, the influence of
load waveform is significant, but in the case of aluminum-water system it
is quite small.l

Barsom 43 studied the effect of load waveform on fatigue crack
growth in 12Ni-5Cr-3Mo maraging steel at K levels below Kygoc. Under sinus-
oidal, triangular, and square waveform loadings, the fatigue crack growth
rates in an air environment were identical, Figure (4). In a 3% NaCl
solution, the fatigue crack growth rates under sinusoidal and triangular
waveform loadings were almost identical and three times higher than those
in air. On the other hand, under square and negative sawtooth waveform
loadings, the fatigue crack growth rates in a 3% NaCl solution were
essentially the same as those in air, Figure (5). These results indicate
that the environmental effect on fatigue crack growth is operative only
while the tensile stress is increasing and not during the constant load
portion of each load excursion below Kiscc.

9
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c. Stress Ratio

The fatigue crack growth rate is affected by the stress
ratio, R, for & given cycle of loading in inert and aggressive enviromments.
In an aggressive environment, at a given level of the maximum stress inten-
sity factor, Kpay, for. a large value of R, e.g., 0.8, the environmental
acceleration of fatigue crack growth rate is large.17’29’34 On the other
hand, for a small value of R, e.g., 0 0.2, the environmental effect is
sma1l.17534,35 studies in a wide range of steels and non-ferrous alloys,
tested in ambient temperature air, indicated that as R was raised within
a range from O to 0.9, the fatigue crack growth rate was increased and the
threshold stress intensity range, K;j, was markedly decreased. 60,63,104~-
106,122-152 The R dependence on near-threshold fatigue crack growth,
however, was reduced at negative R values,153 with increasing temperature,loa
and with increasing strength in tempered martensitic steels.l22

d. Stress Intensity Factor K

The environmental effect is pronounced at short crack lengths
or low values of stress intensity factor K, and small at high K levels.26,27
For example, in 2024-T3 aluminum alloy,27 moisture in the enviromment in-
creased the fatigue crack growth rate by a factor of ten over that in the
reference environment at low K levels, but it induced only a small effect

at high K levels. Such a reduction in moisture effect at high K levels

was also noted in clad DTD 5070A and bare DTD 683 aluminum alloys.Z26

e. Load Interaction in Variable Amplitude Loading

Extensive investigations have been undertaken to determine
the effects of load interaction in variable amplitude loading on fatigue
crack growth behavior.22,23,154-163 1, has been found that the appli-
cation of a single overload or a few cycles at high tensile loads results
in crack retardation, that is, a decrease in the fatigue crack growth
rate. However, the relationship of the crack retardation and the envir-
ommental effect has not been well understood.

Chananil®® fatigue-tested 2024-T8, 7075-T6, and 7075-T73
aluminum alloys in laboratory air and 3.5% salt water to define the rela-
tionship of the crack retardation behavior and the environmental effect.
Single overload cycles at overload ratios of 1.5, 2.0, and 2.5 were used.
The single overloads were found to cause a decrease in constant amplitude
crack growth in salt water, as in air. Also, the number of delay cycles
increased with increase in overload ratio in salt water, as in air.
However, the number of delay cycles was larger in air than in 3.5X salt
wvater, and the difference was greater for the 7075-Té aluminum alloy than
for the 2024-T8 and 7075-T73 aluminum alloys. The results show that
the greater the crack retardation in air, the larger is the envirommental
effect (i.e., reduction of crack retardation).

10
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3.3 Metallurgical Effects

Among the various metallurgical effects, the effects of grain
size, microstructure, and yield strength are discussed.

a. Grain Size

Though refining grain size is beneficial in raising the fatigue
limit or endurance strength of a material, the effect of grain size on
fatigue crig§ growth was found to be negligible at intermediate growth
rates, 169~ At low growth rates ia air, however, several workersl33,134,
139,141,143,146 gpgerved improved resistance to_near-threshold crack growth
with coarser grain sizes. Robinson and Beeversl43 reported an order of
magnitude decrease in near-threshold growth rates in alpha-titanium after
coarsening the grain size from 20 to 200 gm. Similar effects were also
seen in Ti-6A1-4V alloy.l46 Furthermore, the threshold intensity range
AK¢h value was increased markedly in low strength gteels by increasing
the ferrite grain size.l33,134

b. Microstructure

The fatigue behavior of IN 838 alloy (CuNiCr alloy) with
solutionized microstructure was not affected by free corrosion in a
salt solution.l However, the fatigue resistance of the same alloy
with precipitation hardened microstructure was lowered under the identical
test conditions.l68 This result indicates that the solutionized micro-
structure is more resistant to corrosion fatigue than the precipitation
hardened one.

c. Yield Strength

In 4340 steel, the higher the yield strength, the greater
was the effect of corrosive enviromment (3% NaCl solutiong on fatigue
crack growth rate, and the lower was the value of KISCC'I 9 Similarly,
in 300M steel, the near-threshold fatigue crack growth rate in moist air
increased markedly with increasing cyclic yield strength.l22,141 1n
low strength ateels, the AKth value in air decreased with increasing
yield strength.lzssi33»134 As pointed out earlier, the susceptibility
to hydrogen egbrittlement was enhanced by the increase of yleld strength
in steels, 52,83 However, somewhat different behavior was observed in
non-ferrous alloys. Small reductions i{n OK¢h value were seen in
Al-2n-Mgl51 and aluminum-bronze alloysl52 as the cyclic yield strength
was decreased.

-
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4.0 MODELS FOR CORROSION FATIGUE CRACK GROWTH

Several models have been proposed to establish a quantitative relation-
ship of the corrosion fatigue crack growth rate with thf loading variables.
Five reYresentative nes, formulated by Wei and Landes, 8 We:l,z Barsom,
Nakasa, 70 gnd saff are discussed.

4.1 Wei-Landes Model

Wei and Landesl8 ‘expressed the fatigue crack growth rate in an
aggressive enviroment,(da/dN)q, as the sum of the fatigue crack growth
rate in an inert reference environment,(da/dN)r,and the crack growth under
sustained load in an identical aggressive enviromment, %[K(t)]- dt. That is
t

..
4
dal = |d . .« e s
(8 (8], - [T o

where a {8 the crack length, N the number of fatigue loading cycles, t the
time of sustained loading, and 7 the period of one fatigue loading cycle.

The integration of the second term is taken over one cycle of fatigue loading,
and incorporates the effect of frequency and loading variables through K(t).

The predictions by this model are in good agreement with the
fatigue test results of 18Ni maraﬁng steel in hydrogen environment and
those of H-11 steel in humid air. This model is also applicable to
the titanium-salt water system but not to the aluminum-water system.

4,2 Wei's Modified Model

The above Wei-Landes modell'8 is based on the premise that the

aggressive environment does not affect the fatigue crack growth at Ky o
below Kygoc, However, the results of other investigations showed that

the fatigue crack growth rate was_increased significantly by an aggressive
environmgnt at Kmax below K1sce ,43-168’172'17“ A similar result was obtained
by Paoll® and We:l.,h who investigated the fatigue crack growth behavior of
4340 steel in dehumidified argon and in water vapor at K,y below Kiscc-
Their results clearly showed that water vapor increased the fatigue crack
growth rate below Kygoe and the data at different frequencies followed
essentially parallel gines in log(da/dN) versﬁ log ( 8K) coordinates,

Figure (3). On the basis of this result, Wei 0 modified the Wei-Landes
modell8 as follows.

For Kmax < KISce
day = [da + [da R ¢
dN). (‘m)r (dN)cf )

where da is the enviromment induced increase in fatigue crack growth rate.
dN
cf

12
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For Kpax > Kiscc

(3], - (%), ~(8)." ().
- ( )‘, + ( a)c£'+ 0/[% (x)]-a: )

where (da/dN) .. is the contribution by sustained load crack growth.

Bl
gls

4.3 Barsom Model
169

Barsom,43 and Imhof and Barsom studied the fatigue behavior
of 12Ni-5Cr-3Mo maraging steel and 4340 steel in air and in 3% NaCl solution
at Kpax below Kiscc. According to the results, the fatigue crack growth is
independent of load waveform and frequency in air, dependent on both vari-
ables in 3% NaCl solution, and represented by the following equation.

da = pee) - (aR)" . .. C (%)
aN

where D(t) is a measure of the corrosion fatigue susceptibility of the ma-
terial, and depends on environment, load waveform, frequency, and yield
stress. In air D(t) is a constant, and Equation (4) reduces to the Paris
fatigue crack growth equation.15 The value of n 1s 2 for the 12N{-5Cr-3Mo
maraging steel and 2.7 for the 4340 steel.

4.4 Nakasa Model

Nakasa and his coworketsl7°’175 investigated the fatigue behavior
of Ni-Cr~Mo martensitic steel in water, and expressed the fatigue crack

&), ~o(s), + (E)-[%)

7
=dc, (4Kt + (%z[“n]-z - de e o(5)
o

growth rate as
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where Cy, C;, m;, and m) are constants, f the loading frequency, « and

the coefficients, Ky the static stress intensity factor, and 7 the period
of one fatigue loading cycle. The value of o was assumed to be unity, and

was determined to be 0.2 ~ 0.4 under the test condition of £ = 55 ~ 345 cpm
and (xm/ ) = 0.5~4.0. (K, is the mean K value). The only difference

between the Wei-Landes modell8 (Equation (1)) and this model is the coefficient
F in the second temm.

4.5 Ssaff Model
171,176 ST

Saff and Rosenfeld studied’ :° :;: €fatigue behaviors of 300M
and HP 9-4-.30 steels in synthetic sea w2isr rzuer the condition of alternate
immersion and drying, and modified the i Letdzy model .18 According to
this model, for any enviromment, the it 25t ‘svigee crack growth rate for
any cycle, (da/dN)¢oeal, 18 the sum of 2w r.sepoments: one due to mechan-
ical loading in a reference environmeri, ».udl!)r, and one due to sustained
load in an aggressive environment, {ssfaN) .,

8] 8, (&), o
where .
t2
{%5) . - ( gl. )m;r”ddt (during immersion)
t1
]
-7t
( g% )env = ( ‘d{l )u.;e:“d . dt  (during drying)
1

(tz'tﬂ is the loading period. During the drying cycle, the environmental

acceleration decays exponentially with time, and the exponent Y is 0.00175
in the 300M steel and zero in the HP 9-4-.30 steel.

14
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5.0 MECHANISMS OF CORROSION FATIGUE

It has been proposed that the corrosion fatigue is attributable to one
or more of the following mechanisms: pitting, metal dissolution, protective
film rupture, surface energy reduction, and hydrogen embrittlement.

5.1 Pitting Mechanism

Pits, somehow formed during the corrosion fatigue process, have
been blamed for the premature crack initiation.177,17 The pit formation
in aggressive environments undoubtedly reduces the fatigue life. However,
the corrosion fatigue also occurs without any pit formation. For example,
low carbon steels are highly susceptible to corrosion fatigue in acid solu-
tions, where pits are not observed.39 Furthermore, according to Duquette
and Uhlig,17 corrosion pits are not responsible for the corrosion fatigue
of low carbon steels in 3% NaCl solution. Therefore, it may be believed

that the corrosion pits are not the cause of corrosion fatigue but rather
the result.

5.2 Metal Dissolution

Strained regions, associated with persistent slip bands, cracktip,
or grain boundary, are known to act as anode and the unstrained regions as
cathode in an aggressive environment.180 As the result, the strained regions
are elegtrogzemically attacked and disszlved, and cracks are initiated and/or
grown.l 1-1 Pyle and his coworkersl8 explain this mechanism as follows.
The dynamic plastic deformation during the tensile half cycle allows local-
ized dissolution at the step edges on the crack front. Reversed slip during
the compression half cycle sharpens the crack front. Reapplication of the
tensile stress then results in either further plastic deformation and disso-
lution or mechanical propagation by brittle fracture. It is envisaged that
this cycle of yielding - dissolution - compression - mechanical propagation -
yielding takes place during each stress cycle. As the crack grows, the im-
portance of dissolution, compared to the mechanical propagation, alters. This

- accounts for the observation of Rollins, et all78 that the environment becomes

less important as the crack length increases.
5.3 Protective Film Rupture

Many metals are covered by oxide films when exposed to aggressive
environments. Some of those films may be thick ( > 10 x), as in the case
of copper or aluminum, or thin in metals showing passive behavior (e.g.,
stainless steel), and are cathodic to the base metal. It has been postulated
that mechanical stresses rupture or fatigue slip steps break through the
covering oxide gilTe thus exposing the small anodic regions to the large
cathodic film,185-188 Consequently, the anodic regions are dissolved and
fatigue cracks are initiated prematurely. In Laute's work, > low frequencies
extended the fatigue lives, presumably because the lower frequencies allowed
film repaig and reduced anodic dissolution of newly emerging metal. Simnad
and Evans'89 also suggested the possibility of the protective film rupture
mechanism in neutral solutions, but pointed out that in acid solutions, where
oxide films are soluble, this mechanism is not valid.

15



NADC-81271-60

5.4 Surface Energy Reduction

Liquids, adsorbing on solids, lower the surface energy of the solids
and significantll change the mechanical properties, especially the resistance
to fracture.190:191 Benedicks suggested that the reduction in surface
energy of the solids led to a dilation of surface atomic bands and facilitated
the slip process. However, steels are not susceptible to corrosion fatigue
in neutral aqueous deaerated solutions, even when strongly adsorbing ions
such as Cl are present. Moreover, in perfectly brittle materials, the releas-
ing energy is equal to the surface energy required to generate two new surfaces
of a crack. But in materials where plastic deformation occurs at the crack
tip prior to fracture, the releasing energy is the sum of the surface energy
and the plastic deformation energy for forming the new crack surfaces. There-
fore, this surface energy reduction mechanism can not account for the corrosion
fatigue phenomenon.

5.5 Hydrogen Embrittlement

From the results of previous investigations on corrosion fatigue in
both ferrous and nonferrous metals, it has been speculated that an increase of
fatigue crack growth rate in water or water vagor %s attr%bntable to the re-
action gf vater molecules with crack surfaces.26:27,32,193 71he related mech-
anism!1® has been proposed as follows. Water or water vapor is chemisorbed
on the freshly produced crack surfaces, and water molecules undergo disso-
ciative chemical reaction to release hydrogen. The amount of hydrogen pro-
duced depends on the time allowed for this chemical reaction to take place
during each fatigue cycle and on the extent of available fresh crack surfaces.
All or a part of the hydrogen generated diffuses into the metal and is ex- .
pected to segregate to the region of high triaxial tensile stress near the
crack tip. This hydrogen segregation embrittles the region and enhances
crack growth by one or more of the hydrogen embrittlement mechanisms ,191,194-200
On each loading cycle, the crack extends, in one step, through a fraction of
this hydrogen embrittled region. Following this increment of crack length,

a new embrittled region is established ahead of the new crack tip through
reactions of water molecules with the freshly created crack surfaces, hydrogen
diffusion, and segregation. The size of hydrogen embrittled region and the
hydrogen concentration within this region are greater for a longer exposure
time or at a lower frequency.

A number of investigators have attributed the water or zater vapor
fgvyonTgngoingsgced fatigue crack growths in aluminum alloys,4’2 »27 steels,
[ ’ and titanium alloys74 to the hydrogen embrittlement.

16
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6.0 SUMMARY

The development in understanding of corrosion fatigue phenomenon has
been reviewed to learn the past and current state of the art. The acquired
knowledge will be applied to implement the independent research program,
“"Corrosion Fatigue of Metallic Aircraft Structure," and will be related
to the Navy's aircraft problems originated from aggressive service environ-
ments, including salt water.

The behavior, the variables, the models; and the mechanisms of corrosion
fatigue in metals and alloys, published in literature, have been studied and
discussed.

Corrosion fatigue behavior can be grouped into three basic types -
A, B, and C. Type A represents the aluminum-water system, where the environ-
mental effect results from the synergistic actions of fatigue and corrosion.
Type B represents the steel-hydrogen system, where there is a substantial
environment enhanced sustained load crack growth. Type C falls between the
types A and B, and exhibits the type A below Kygcc and the type B above

Krscc-

A number of variables, environmental, mechanical, and metallurgical,
affect fatigue behavior. Among these variables, water, salt water, air,
water vapor, hydrogen, gas pressure, temperature, loading frequency, load
waveform, stress ratio, stress intensity factor, grain size, microstructure,
and yield strength impose significant effects.

The representative-models for corrosion fatigue crack growth are:

a. Wei-Landes Model

8), - [8), "] wlxode

b. Wel's Modified Model
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c¢. Barsom Model

da = Dp(t) - (AK)"

dN

(8), () - (£) (2

e. Saff Model

(@), ~(#). (3]

The proposed mechanisms, one or more of which are responsible for
corrosion fatigue, are pitting, metal dissolution, protective film rupture,
surface energy reduction, and hydrogen embrittlement.

e

From this review, the complex nature of corrosion fatigue phenomenon
and its detrimental effect on integrity of aircraft and other engineering
structures are well recognizable. It is essential to find the key information
for effective control of corrosion fatigue in aircraft structures through
further research.
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